Hepatocellular carcinoma (HCC) is one of the most prevalent fatal diseases and the incidence of HCC is increasing worldwide. Polymeric micelles with targeting groups have drawn great attention as carriers for drug delivery in HCC therapy. Herein, novel glycyrrhetinic acid modified gelatin (GA-GEL) conjugates with three substitution degrees were synthesized and characterized. Doxorubicin (DOX) was applied as a model drug. DOX-loaded GA-GEL (DOX/GA-GEL) micelles were prepared by an emulsionsolvent evaporation method. The mean diameters of DOX/GA-GEL micelles were in the range of 195-235 nm. The encapsulation efficiency of DOX/GA-GEL micelles was 63.6%-96.2%, and the loading content was 8.3%-12.5%. Drug release from DOX-loaded micelles exhibited a biphasic manner in phosphate buffer solution (PBS) at pH 7.4. DOX/GA-GEL could be efficiently accumulated into human liver cancer HepG2 cells. The IC 50 values of DOX/GA-GEL-2 and DOX⋅HCl in HepG2 cells were 0.33 and 0.66 g/mL, respectively. In vivo imaging analysis demonstrated that the fluorescence signals of DiR-labeled GA-GEL-2 micelles were mainly distributed in liver and H22 orthotopic tumor, indicating that GA-GEL had the liver-targeting activity. Compared to DOX⋅HCl, DOX/GA-GEL-2 exhibited better antitumor activity in H22 orthotopic mice. Therefore, these results indicated that GA-GEL could be used as carrier of hydrophobic drug for targeting HCC.
Introduction
Nowadays, HCC is one of the most severe diseases in the world, and terribly threaten human health because of its high morbidity and mortality [1] . As we know, drug therapy was still indispensable to HCC treatment. Traditional chemotherapeutic drug, however, remained to have several problems including poor selectivity and solubility as well as serious side effects. Then it could decrease antitumor drug accumulation in targeting tissue and weaken the antitumor activity [2] . In recent years, nanoscaled drug delivery system, such as polymeric micelles, had been concerned by many researchers, owing to its perfect targeting, good solubility, altering tissue distribution, and controlled release characteristics [3] . Amphiphilic copolymers can form nanoscaled micelles with core-shell structure in aqueous media via selfassembly [4, 5] . The hydrophobic core serves as a reservoir for incorporating hydrophobic drugs [6] [7] [8] [9] . The hydrophilic shell could reduce the interaction with plasma proteins and prolong the blood circulation time. Self-assembled micelles can reduce toxic side effects and improve therapeutic effects. Over the past decades, much attention has been paid to prepare biodegradable polymeric amphiphiles based on natural materials such as chitosan and gelatin.
Gelatin (GEL), a kind of proteins purified from skin and bone of animals, has been recognized as safe material. It could 2 Journal of Nanomaterials be dissolved in aqueous media. Moreover, gelatin is the substrate of matrix metalloproteinase-2 (MMP-2). And gelatinbased nanoparticles could be degraded by MMP-2, and drug encapsulated could be quickly released in the tumor sites [10] . As previously described, gelatin-based micelles had the advantages of biocompatible and biodegradable properties without obvious toxicity and immunogenicity [11, 12] .
Polymeric amphiphiles with targeting groups have been extensively studied and employed as effective carriers of drug and gene. It has been testified that liver-targeting functional ligands could interact with the corresponding receptors on hepatocyte surface [13] . And the liver-targeting activity of antitumor drug was improved as the ligand was introduced into nanoscaled drug carrier, such as folic acid, lactose acid, and glycyrrhetinic acid [14] [15] [16] . Glycyrrhetinic acid (GA) is a bioactive compound, which is extracted from root and rhizome of Chinese traditional herb licorice. GA could specially bind with GA receptor, and GA-modified micelles could be effectively transported into hepatic cells by endocytosis [17, 18] .
Up to now, many studies on GA-modified micelles as drug carriers targeting to HCC had been carried out [19, 20] . Chen et al. had constructed liver-targeting and redox-responsive micelles by GA coupling with poly(ethylene glycol)-disulfide linkage-poly(lactic-co-glycolic acid). Tanshinone IIA (TAN IIA) was encapsulated, and drug-loaded micelles resulted in an increased accumulation of TAN IIA in the liver. With the synergistic effects of HCC-targeting and controlled drug release, TAN IIA-loaded micelles markedly inhibited tumor growth and increased survival period in HCC-xenograft mice model [17] . In addition, the uptake of DOX-loaded GA-modified sulfated chitosan by HepG2 cells was about 4.48-folds that of DOX-loaded stearic acid modified sulfated chitosan [21] . Further, GA-modified polypropylenimine dendrimers with various substitution ratio could effectively transport DNA into HepG2 cells [22] .
In the present study, the objective is to construct novel liver-targeting micelles based on GA-modified GEL (GA-GEL) copolymers. GA-GEL conjugates with different degree of substitution were synthesized and characterized. Their physicochemical properties were investigated. DOX as a model antitumor drug was encapsulated into GA-GEL micelles. In vitro release behaviors of DOX-loaded micelles were performed in PBS. The cellular uptake of DOX/GA-GEL micelles was studied, and in vitro cytotoxicity was conducted in HepG2 cells. Moreover, in vivo imaging analysis, antitumor activities, and safety evaluation of drug-loaded micelles were investigated in detail. 
Materials and Methods

Synthesis of GA-GEL Conjugates.
GA-GEL copolymers were synthesized by EDC reaction method. Specifically, GEL (1.0 g) was dissolved in 100 mL of dimethyl sulfoxide (DMSO) and water (7 : 3, v : v) and was stirred at 60 ∘ C for 30 min. GA (0.05 g) dissolved in DMSO (2.5 mL) was dropwise added to the above solution. Then EDC (0.03 g) and NHS (0.018 g) were added. The reaction mixture was carried out at 35 ∘ C for 24 h. Further, the mixed solution was dialyzed against deionized water (MWC: 14 kDa) for 48 h and lyophilized. Finally, GA-GEL-1 conjugate was obtained. The same method was used to further synthesize two kinds of copolymers. Then GA-GEL conjugates with various feed mass ratios of GA to gelatin (1 : 10 and 1 : 5) were denoted as GA-GEL-2 and GA-GEL-3.
Preparation of DOX/GA-GEL and
DiR-Labeled GA-GEL Micelles. DOX-loaded micelles were prepared by an emulsion-solvent evaporation method [23] . DOX⋅HCl was dissolved in dichloromethane with three equivalent molar ratios of triethylamine to eliminate hydrochloride acid. And the solution was stirred 12 h under the dark condition. DOX (15 mg) in dichloromethane (5 mL) was dropwise added to blank micelles (1 mg/mL, 100 mL) under high speed stirring in ice bath. The mixture solution was magnetically stirred for 3 h. Then dichloromethane was evaporated by using rotary evaporator under reduced pressure. DOX-loaded micelles were filtered through 0.8 m membrane to remove unloaded DOX. After lyophilization, DOX-loaded GA-GEL micelles were obtained.
Similar method was performed to prepare the DiRlabeled GA-GEL-2 micelles for in vivo imaging analysis. Except that DOX (15 mg) dichloromethane solution was replaced by DiR (2 mg) dichloromethane solution, the following procedure was exactly the same as described above. [24, 25] . Briefly, 2 mg/mL of gelatin solution was prepared. A serial of stock solution was taken out, and deionized water was added to a final volume of 2 mL. Then 2 mL of 4% sodium hydrogen carbonate and 2 mL of 0.1% TNBS were added. The above solution was incubated in 37 ∘ C for 2 h. The absorbance of each sample was detected by UV/VIS spectrophotometer (1700 DB, Shimadzu, Kyoto, Japan) in 350 nm. The calibration curve was obtained according to the measured data. Three kinds of GA-GEL micelles (2 mg/mL) were carried out by the above method. And their substitution degrees were determined.
Characterization of Blank and DOX-Loaded
Critical Micelle Concentration (CMC)
. CMC was detected by using pyrene as a probe with fluorescence spectroscopy [26] . Three kinds of blank conjugates were dissolved by deionized water. Pyrene in acetone (1 mL) was added into flasks, and acetone was evaporated in 50 ∘ C water bath. Then 10 mL of various concentration micelles were added into each flask and heated at 50 ∘ C for 10 h to equilibrate pyrene and micelles. The solution remained to cool for 8 h at room temperature. The final concentration of pyrene was 6.0 × 10 −7 M. The fluorescence spectra were scanned by fluorescence spectrophotometer (Perkin-Elmer LS55, Perkin-Elmer Ltd., Llantrisant, UK). The slit width was 10 nm. The emission and excitation wavelengths were 339 and 390 nm, respectively.
Particle Size of Blank and Drug-Loaded
Micelles. 10 mg of blank or drug-loaded micelles was dissolved in 10 mL deionized water. The mean diameters were determined by dynamic light scattering (DLS) using a Zetasizer (90Plus, Brookhaven Instruments Corp., New York, NY, USA). Morphological observation of GA-GEL-2 and DOX/GA-GEL-2 micelles was done by transmission electron microscopy (TEM, JEM-1230, Jeol, Tokyo, Japan). The samples were prepared by deionized water and placed on copper grids. Then copper grids were negative stained by 1% (w/v) phosphotungstic acid and were air-dried at room temperature before observation [27] .
Loading Content (LC) and Encapsulation Efficiency (EE)
. DOX-loaded micelles were dissolved in deionized water, and DOX was extracted from the micelles by adding DMSO. LC and EE were defined by UV spectrophotometric analysis at 481 nm. LC and EE were calculated by the following equations:
Weight of DOX in micelles Weight of DOX − loaded micelles × 100%,
(1)
In Vitro Drug
Release. DOX release from DOX-loaded micelles was performed by dialysis method in PBS at pH 7.4 [28] . Specifically, 1 mL of the micelles added in dialysis bag (MWCO: 14 kDa) was immersed in 20 mL release media and kept at 37 ∘ C and 160 rpm in an air-bath-shaker. 5 mL of sample solution outside the dialysis bag was taken out and supplemented with equal volume of fresh release media at appropriate intervals. The concentration of DOX was detected by fluorescence spectrophotometer (Perkin-Elmer LS55, Perkin-Elmer Ltd., Llantrisant, UK). The excitation and emission wavelengths were 470 and 585 nm, respectively. Each sample was investigated in triplicate.
In Vitro Cellular
Uptake. Confocal laser scanning microscope (CLSM) was employed to study in vitro cellular uptake [29] . HepG2 cells were incubated at 2 × 10 5 per well in 6-well plates (Costar, Corning, NY, USA) for 24 h. After the medium was removed, DOX⋅HCl or DOX-loaded GA-GEL micelles (equivalent DOX concentration: 5 g/mL) were added. The cells were cultured for 2 or 6 h. Then the cells were washed twice with PBS (pH 7.4) and fixed in 4% paraformaldehyde solution for 30 min. For nuclei staining, the cells were treated with Hoechst 33258 (5 mg/mL) for 30 min. HepG2 cells were washed with PBS and observed by a Zeiss LSM-510 confocal microscope (Carl Zeiss LSM-510, Germany).
Especially, in order to further investigate liver-targeting activity of DOX/GA-GEL-2 micelles, free GA (12 g/mL) was preincubated with HepG2 cells for 2 h. Then DOX/GA-GEL-2 micelles were added and cultured for 6 h, and the following process was in accordance with the above state.
2.7.
In Vitro Cytotoxicity. The cytotoxicity of blank or DOXloaded micelles was evaluated by using MTT assay [18] . HepG2 cells were seeded into 96-well plates (Costar, Corning, NY, USA) and incubated at a density of 1 × 10 4 cells per well for 24 h. After the cultured medium was removed, various concentrations of DOX⋅HCl, blank, or DOX-loaded micelles were added. Then the media were discarded. 30 L of MTT solution was added and carried out for 4 h. After MTT solution was aspirated, 200 L DMSO was used to solubilize formazan crystals in live cells. The cell viability was determined by detecting absorbance at 490 nm with a microplate reader (Thermo Scientific Multiskan MK3, Hudsan, USA).
H22 Orthotopic Xenograft
Model. H22 orthotopic xenograft model was established as previously reported [30] . H22 cells cultured in the logarithmic phase were harvested by centrifugation. The cells were suspended with culture media at a density of 5 × 10 7 /mL, and 0.2 mL of matrix gel was added in 1 mL cell suspension. The cell suspension was kept on ice water. The laparotomy was performed to expose the left liver lobe where H22 cell suspension was injected with a 1 mL injection syringe. The depth of each injection into the lobe was about 2-3 mm, and the injection volume was 0.05 mL. A "white dot" at the injection site on the lobe appeared after successful injection. 
In Vivo Imaging
Analysis. In vivo real-time fluorescence imaging analysis was used to evaluate the effect of tissue distribution and accumulation ability of GA-GEL-2 micelles in orthotopic H22 tumor-bearing mice [31] . As H22 cells were inoculated for 10 days, DiR-loaded GA-GEL-2 micelles were injected via tail vein at a DiR dose of 200 g/kg. The imaging was performed at 1, 4, 8, 12, and 24 h after injection by in vivo imaging system (DXS4000PRO, Kodak, USA). In order to represent the liver-targeting potential of GA-GEL-2 micelles, mice were humanely sacrificed at 1, 12, and 24 h. Then the tumors and key organs (including heart, liver, spleen, lung, and kidney) were extracted, and the fluorescence intensity was determined with the same system as described above. The excitation and emission wavelengths were 748 and 780 nm, respectively.
In Vivo Antitumor Efficacy and Safety Evaluation.
In vivo antitumor efficacy and safety evaluation were conducted in H22 orthotopic xenograft mice [32] . After the inoculation was done on day 8, H22 orthotopic xenograft mice were randomly divided into 4 groups ( = 6). Mice were treated with 5% glucose injection, DOX⋅HCl (2.5 mg/kg), DOX/GA-GEL-2 (2.5 mg/kg on DOX basis), and GA-GEL-2 (20 mg/kg). Administration was performed for 4 times at a frequency of every 2 days. The body weight, viability, mental status, and adverse reactions of each mouse were investigated and recorded every day. On the 10th day, all mice were sacrificed by cervical dislocation. The tumors and organs were removed and fixed with 10% formaldehyde. The tumor weight was quantified by electronic balance, and tumor inhibitory rate (TIR) was calculated by the following formula:
where represented the tumor weight of 5% glucose group and stood for that of DOX⋅HCl or DOX/GA-GEL-2 group.
The organs and tumors were excised to make hematoxylin and eosin (H&E) staining sections and visualized under a microscope (Leica DMI 4000B, Germany).
Statistical Analysis.
All experimental data were given as mean ± SD. Statistical significance was tested by two-tailed Student's t-test. The differences were judged to be significant at < 0.05.
Results and Discussion
Synthesis and Characterization of GA-GEL Conjugates.
The synthesis procedure of GA-GEL was illustrated in Figure 1 . The copolymers were synthesized by the formation of amide bonds between amino groups of gelatin and carboxyl groups of GA. The structure of polymeric conjugates was confirmed by 1 H NMR spectra. As shown in Figure 2 , compared with gelatin, new proton peaks of GA-GEL-1, GA-GEL-2, and GA-GEL-3 were mainly observed in 0.6-1.0, 2.4, and 2.8 ppm. These peaks were assigned to GA molecules. As the feed mass ratio of GA increased, theses proton peaks appearing in three kinds of copolymers were obviously increased. The phenomenon is similar to the report described by Shi et al. [33] . TNBS method was used to study the substitution degrees of amino groups. Substitution degrees of GA-GEL-1, GA-GEL-2, and GA-GEL-3 were 18.3%, 27.5%, and 33.8%, respectively ( Table 1 ). The substitution degrees were increased as the feed mass ratio of GA was increased. These results were in accordance with 1 H NMR spectra. These results indicated that GA-GEL conjugates were successfully synthesized.
Journal of Nanomaterials 1 H nuclear magnetic spectra of (a) GA, (b) gelatin, (c) GA-GEL-1, (d) GA-GEL-2, and (e) GA-GEL-3.
The CMC of GA-GEL conjugate was determined by fluorescence spectra using pyrene as a hydrophobic fluorescence probe [8] . CMC was assumed to be observed as there was a sharp increase in the ratio of the fluorescence intensities ( 338 / 333 ). Figure 3 showed the intensity ratio of 338 / 333 versus log of GA-GEL conjugates for the pyrene excitation spectra, resulting in confirming the CMC obtained from the intersection of two straight lines. The CMC values of GA-GEL-1, GA-GEL-2, and GA-GEL-3 were 0.100, 0.074, and 0.056 mg/mL, respectively. Low CMC values demonstrated that these copolymers could be easy to form micelles and keep perfect stability even under highly diluted conditions in vivo. The CMC values of three kinds of copolymers exhibited the trend of gradual decrease with the increase content of GA groups. The reason was that self-assembled activity of the micelles in aqueous media was improved as the mass of hydrophobic GA increased [34] .
The core-shell GA-GEL micelles could be formed by self-assembly in aqueous media. As shown in Table 1 , the mean diameters of blank micelles were ranged from 119 to 134 nm. And the particle sizes increased as the substitution degrees of GA increased. The result was possibly ascribed to the fact that hydrophobic groups occupied the core space in the micelles [25] . The zeta potentials of GA-GEL-1, GA-GEL-2, and GA-GEL-3 micelles were 14.2, 13.4, and 15.1 mV, respectively. The mean diameters of DOX-loaded micelles were approximately from 195 to 235 nm. And the particle size of drug-loaded micelles was larger than that of their blank polymeric micelles. It was possibly attributed to the fact that DOX molecules were loaded into the micelles and the inner space of these micelles increased [35] . The zeta potentials of DOX-loaded micelles were ranged from 13.8 to 14.9 mV. And the particle sizes of blank and DOX-loaded micelles did not change in aqueous media for 48 h at room temperature. The loading content (LC) of DOX/GA-GEL-1, DOX/GA-GEL-2, and DOX/GA-GEL-3 micelles were 10.9%, 12.5%, and 8.3%, respectively (Table 1 ). It was found that DOX/GA-GEL-2 micelles showed the highest LC and encapsulation efficiency (EE) compared with DOX/GA-GEL-1 and DOX/GA-GEL-3 micelles. According to the above physicochemical characteristics, DOX/GA-GEL-2 micelles were selected for further evaluation in vitro and in vivo.
As shown in Figure 4 , the morphology of GA-GEL-2 and DOX/GA-GEL-2 micelles was approximately spherical observed by transmission electron microscopy (TEM). The particle sizes determined by TEM were smaller than that analyzed by dynamic light scattering (DLS) ( Table 1 ). It was due to the fact that the particles were in dry state determined by TEM, while DLS analysis process was performed in hydrated state [36, 37] .
In Vitro Drug
Release. DOX release from drug-loaded micelles was investigated in PBS at pH 7.4, imitating the physiological environment in vivo. As shown in Figure 5 , DOX from DOX/GA-GEL-2 micelles released about 39.5% for 8 h and 41.7% for 72 h. DOX release from drug-loaded micelles revealed a biphasic pattern, which was an initial burst release and a following slower and sustained release.
In Vitro Cellular
Uptake. The in vitro cellular uptake of DOX/GA-GEL-2 in HepG2 cells was studied by CLSM. As shown in Figure 6 , red fluorescence was emitted from DOX formulations and blue fluorescence stained in nuclei was from Hoechst 33258. The fluorescence signals of DOX⋅HCl were stronger than that of DOX/GA-GEL-2 micelles in 2 h (Figure 6(a) ). As DOX-loaded micelles were further incubated for 6 h, the red fluorescence intensity was obviously improved (Figure 6(b) ). Hence, the cellular uptake of DOX/GA-GEL-2 and DOX⋅HCl was time-dependent in HepG2 cells. Notably, the fluorescence intensity of DOX/GA-GEL-2 micelles was equivalent to DOX⋅HCl in 6 h ( Figure 6(b) ). As previously reported, drug-loaded micelles were transported into the cells by an energy-dependent endocytosis way, and DOX⋅HCl could quickly enter the cells by a passive diffusion manner [38] . The drug-loaded micelles were entered into tumor cells in a slow way. Increasing drugs were released from DOX-loaded micelles and distributed within the cells in 6 h. Further, DOX fluorescence from DOX-loaded micelles was mainly distributed in nuclei, which was similar to DOX⋅HCl. Therefore, DOX-loaded micelles had the advantages of desirable particle size and cellular uptake, which provided the potential for targeting HCC.
It was known that GA could specially bind with GA receptor in hepatoma cells [39] . Then further investigation was adopted to study the targeting ability of drug-loaded GA-GEL micelles. HepG2 cells were preincubated 2 h with free GA, followed by treatment of DOX/GA-GEL-2 micelles As shown in Figure 7 , the fluorescence intensity of DOX/GA-GEL-2 micelles with adding free GA in HepG2 cells was lower than that of the micelles without free GA. The result was ascribed to the fact that GA receptors on the surface of HepG2 cells were occupied by free GA, leading to the decrease of transportation of DOX-loaded GA-GEL micelles into the cells.
3.4.
In Vitro Cytotoxicity. In vitro cytotoxicity of blank or DOX-loaded micelles was studied by MTT assay against HepG2 cells. As shown in Figure 8(a) , blank GA-GEL-2 micelles had no cytotoxicity in the concentration of 50-400 g/mL. It would eliminate the possibility that GA was responsible for the cytotoxicity. In Figure 8(b) , the cytotoxicity of DOX formulations exhibited concentration dependence. Additionally, the IC 50 values of DOX/GA-GEL-2 and DOX⋅HCl micelles were 0.33 and 0.66 g/mL, respectively. DOX/GA-GEL-2 micelles were 2-fold stronger ( < 0.05) than DOX⋅HCl. The result showed that DOX-loaded micelles had strong targeting potential for hepatocellular carcinoma in vitro. It was ascribed to the fact that DOXloaded micelles could be effectively internalized by HepG2 cells, and GEL-based micelles were degraded by MMP-2 in the cells, leading to drug fast release. It was consistent with the result of CLSM observations.
In Vivo Imaging Analysis.
The orthotopic H22 tumorbearing mice were applied to study in vivo imaging analysis. To assess the liver-targeting activity of drug-loaded micelles, the biodistribution of DiR-loaded GA-GEL-2 micelles was monitored by noninvasive near infrared optical imaging technique. GA-GEL-2 micelles represented a remarkable fluorescence signals in liver and orthotopic tumor sites 1 h after injection ( Figure 9 ). These fluorescence signals were still observed in liver and orthotopic tumor at 24 h. Therefore, GA-GEL-2 micelles possessed targeting HCC, and the strong fluorescence signals could keep a long time in liver and orthotopic tumor. As presented in Figure 9(b) , the fluorescence signals of liver and orthotopic tumor were significantly stronger than other organs at predetermined time. Moreover, the statistical data of biodistribution showed that the fluorescence intensity of heart and kidney was negligible at 1 h (Figure 9(c) ). These results infer that GA-GEL-2 micelles have remarkable targetability and possess the potential to reduce side effects of cardiotoxicity and nephrotoxicity caused by DOX [33] .
In Vivo Antitumor Efficacy and Safety Evaluation.
The orthotopic H22 tumor-bearing mice were used to perform in vivo antitumor efficacy and safety evaluation. The H22 orthotopic xenograft model was established in Figure 10(a) . The tumor weight of DOX/GA-GEL-2 micelles groups was significantly less ( < 0.05) than 5% glucose and GA-GEL-2 micelles groups and was less than DOX⋅HCl group (Figure 10(b) ). The tumor inhibitory rates (TIR) of DOX/GA-GEL-2 micelles and DOX⋅HCl were 76.9% and 65.3%, respectively. These results demonstrated that DOX/GA-GEL-2 micelles exhibited better inhibitory potency in H22-bearing orthotopic tumor. The passive and positive targeting effects could be the main reasons for the significant suppression of tumor growth in DOX-encapsulated micelles [40] . In addition, MMP-2 was overexpressed in the tumor sites [41] . It was known that gelatin could be degraded by MMP-2. Then, DOX would be rapidly released from DOX/GA-GEL-2 micelles. Similar phenomenon was described by other researchers [10] . As shown in Figure 10 (c), after being treated with DOX⋅HCl and DOX/GA-GEL-2 micelles, the mice weight change increased slightly compared with the initial weight. According to the observation throughout the experiment, two mice in DOX⋅HCl group died on days 8 and 9, and the status of these mice was bad. The phenomenon was not seen in the other groups. These results demonstrated that drug-loaded micelles could decrease toxicity caused by DOX. The toxicity is always a key concern for nanoparticulate system used in biomedicine. To further evaluate the safety and effectiveness of drug delivery system, the toxicity and tumor apoptosis of DOX/GA-GEL-2 micelles were studied by histochemistry analysis. As shown in Figure 11 , no noticeable signals of organ damages in DOX/GA-GEL-2 group were observed from heart, liver, spleen, lung, and kidney. The result was consistent with the result of in vivo imaging analysis. However, DOX⋅HCl group exhibited organ damages including cardiotoxicity. Moreover, there was more obvious tumor apoptosis in DOX/GA-GEL-2 micelles than that in DOX⋅HCl. Further, there was no significant tumor apoptosis in 5% glucose and GA-GEL-2 groups. These results suggested that DOX/GA-GEL-2 micelles could be safe and effective drug delivery vehicles for tumor chemotherapy.
Conclusions
GA-GEL conjugates with different substitution degrees have been synthesized and used as targeting hepatocellular carcinoma vehicles for DOX delivery. GA-GEL copolymers had low CMC values. And DOX-loaded micelles showed high drug-loading content. DOX-loaded micelles could effectively be transported and accumulated in hepatoma cells. DOX/GA-GEL-2 micelles demonstrated higher cellular uptake and cytotoxicity than DOX⋅HCl in HepG2 cells. The in vivo imaging analysis showed that DiR-labeled GA-GEL-2 micelles had liver targetability. Furthermore, the safety evaluation studies indicated that GA-GEL-2 micelles had no hepatic or systemic toxicity. And DOX/GA-GEL-2 micelles exhibited stronger tumor inhibition than DOX⋅HCl in orthotopic H22 tumor-bearing mice. Taken together, GA-GEL micelles could be a potential targeting drug carrier for HCC therapy.
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